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Abstract—3-dimension finite-difference time-domain (FDTD) method
is used to simulate the enhanced blue light emission of gallium nitride
light emitting diode (GaN-LED) using the surface-plasmons (SPs) cou-
pling with the quantum wells. The numerical simulation results demon-
strate that when the silver film is coated on GaN-LED, the excited
SPs play a key role in the enhanced blue light emission, and the en-
hancement depends on the geometries of GaN-LED and silver film. An
enhancement factor is given to describe the enhancement effect of light
emission. By changing the structure parameters of GaN-LED and sil-
ver film, the enhanced peak of the light emission in the visible region
can be controlled. Under the optimal parameters, about 17 times en-
hancement at 460 nm can be obtained, and the enhancement effect is
evidently demonstrated by the SPs field distribution.

1. INTRODUCTION

In recent years, great attention has been paid to the enhancement
of light emission of light-emitting diode (LED), especially for gallium
nitride light emitting diode (GaN-LED), because it has the advantages
of high efficiency and long lifetime in comparison with the traditional
light source [1–8]. The light emission can be strongly improved when
the quantum wells (QWs) of LED is surrounded by the materials
of different compositions and shapes, as it was predicted by Purcell
and later corroborated experimentally [9–11]. Theoretical proposals
along this direction have been made, and some of them consist in
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surrounding the QWs by different kinds of dielectrics and metals,
such as photonic crystals [12–15], optical cavity [16], left-handed
materials [17], mirrors [18–20], etc. Since 1990, surface plasmon (SP)
has also received great interests when used in LED [21–26]. SP is
formulated by Zenneck in 1907, which is a special surface wave solution
to Maxwell’s equations and demonstrated theoretically [27]. The
surface waves occur at the boundary of two media when one medium is
a “loss” metal with the negative real part of dielectric constant, and the
other is a “loss-free” medium with the positive real part of dielectric
constant [28–30], in which the absorption of light in molecules can be
enhanced, and the Raman scattering intensities can be increased [31].
When the QWs are placed in the vicinity of metal, the strong emission
enhancement effects are demonstrated due to the coupling between the
emission of QWs and SPs modes in some of these geometries associated
with the excitation of SPs [9, 32–37]. The presence of quantum wells
has been demonstrated to influence both dispersion and damping of
surface plasmon in silver films [38–41]. By employing the smooth or
grating metal film, the light emission enhancements in the experiments
have been observed, and some related 2-dimension (2D) numerical
simulations have been reported. However, there are few reports on
the 3-dimension (3D) numerical simulation by the smooth metal film
coated on GaN-LED to enhance the light emission. In comparison
with 2D FDTD simulation, 3D simulation requires more memory and
computation time so that much higher performance of computation
devices is needed. Although the interesting results can be obtained
with 2D FDTD simulation, 3D simulation is a better approach for the
actual excitation sources and structures. Furthermore, 3D simulation
results will be more suitable for guiding experiments.

In this paper, a detailed analysis on SPs coupling with QWs to
enhance the light emission is presented, and the geometric parameter
influencing the light emission is discussed. The enhancement factor of
light emission in different structures is calculated by 3-dimension finite-
difference time-domain (3D-FDTD) method [42–44], and the structure
parameters are optimized. A great enhancement peak at the blue
light emission caused by SPs coupling with QWs is obtained, and the
enhancement tendency is in agreement with the reported experimental
results.

2. MODEL AND METHODOLOGY

The 3D and 2D views of our simulation models are shown in Fig. 1,
in which (a) is the 3D view of the simulation model, and (b) is
the y-z cross section of 2D view. The simulation space size is
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Figure 1. 3D and 2D views of the simulation model. (a) is 3D view.
(b) is the y-z cross section of 2D view. The brown, red, yellow, blue,
and white parts are silver film, QWs, n/p-GaN, and air, respectively.
The polarization direction of single dipole is along y axis and is parallel
to the silver film.

2µm(x) × 2µm(y) × 2µm(z). The silver film is coated on GaN. The
single dipole as QWs in GaN is located at the origin, and its polarized
y axis is parallel to the silver film. The line A-B in 2D view indicates
the detection plane, and the distance away from the GaN/Air interface
is 1 µm. d is the distance between the silver film and QWs. s is the
thickness of n-GaN between the silver film and GaN/Air interface, and
t is the thickness of the silver film.

By using the FDTD method, which is simply a space and time
discretization of the Maxwell’s curl equations, three-dimensional field
distributions are calculated. For saving memory and calculation
time, the mesh of our calculations has to be set in different densities
with different refractive indexes and dielectrics. However, the mesh
density is large enough to insure the stability and accuracy. The
FDTD mesh is terminated with the absorbing boundary conditions
of perfectly-matched-layer (PML) that is employed around the entire
simulation domain to absorb the outgoing waves and avoid non-
physical reflections.

The refractive index for QWs and n/p-GaN is 2.5–2.6 according
to different doping concentrations. The permittivity of silver film is
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described by the modified Drude model:

εAg(ω) = ε∞ − ω2
p

ω2 + jωγ
(1)

where ε∞, ωp and γ are the dielectric constant at the infinite frequency,
bulk plasma frequency, and damping constant, respectively. These
parameters can be obtained by fitting the modified Drude model to
Johnson and Christy bulk dielectric data [45]. For silver material,
the fitted parameters are ε∞ = 5, ωp = 1.44 × 1016 rad/s and
γ = 2.388 × 1013 Hz. A comparison of our fitted parameters with the
modified Drude model to the bulk dielectric data for silver is shown
in Fig. 2(a). Obviously, in the wavelength regions of 300–900 nm, our
model agrees well with the experimental data.

By solving Maxwell’s equations and matching Ag/GaN boundary
conditions at the interface, the following dispersion relation ω(k) for
the SPs can be obtained:

k =
ω

c

√
εGaNεAg

εGaN + εAg
(2)

The surface plasmon energy (Esp = ~ωsp) at Ag/GaN interface is
lowered to around 2.787 eV (445 nm), which the dispersion curve ω(k)
asymptotically approaches (Fig. 2(b)). Thus, the silver film is suitable
for enhancing blue light emission of GaN-LED.

(a) (b)

Figure 2. (a) Comparison of the Johnson and Christy bulk dielectric
data for silver (the square dots are the real part and the round ones
are the imaginary part) and our fitted parameters with modified Drude
model (the solid line is the real part and the dashed line is the
imaginary part). (b) Dispersion relation diagram of SPs on Ag/GaN
interface. Horizontal axis is wave vector, and vertical axis is the energy.
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In order to describe the enhancement effect of light emission, an
enhancement factor F is given, which is defined as the total power
flow P across the x-y detection plane when the silver film is coated on
GaN-LED divided by a similar total power flow when the system does
not contain the silver film:

F =
∫∫

PAg(x, y)dxdy∫∫
PnoAg(x, y)dxdy

(3)

The greater the value of F , the stronger the light emission enhancement
will be.

3. RESULT AND DISCUSSION

By using the above-mentioned 3D-FDTD calculation approach, the
enhancement effect of light emission is simulated. Especially for
simplicity, we fix the position and orientation of the emitter and focus
on the effect of d, s, and t on SPs coupling with the QWs.

Figure 3 shows the emission intensity integral at the detection
plane versus the wavelength. From Fig. 3, we can see that the
emission intensity of GaN-LED at the surface plasmas wavelength
around 460 nm with the silver film for three cases are 9.23, 9.59, and
14.12 times higher than that in GaN-LED without silver film. We
consider that although the metal mirror reflects the emitted light that
contributes to the enhancement effect, the emission enhancement of
GaN-LED with silver film mainly results from SPs coupling with QWs.

Figure 3. Spectra of emission intensity at the detection plane of
the LED without and with silver film when s = 100 nm, t = 70nm,
d = 5 nm; s = 120 nm, t = 40 nm, d = 5 nm and s = 120 nm, t = 70 nm,
d = 15 nm.
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It can also be seen that the emission intensity varies greatly with s, t
and d. The influences of s, t and d on the emission intensity will be
discussed as follows, respectively.

Figures 4–7 demonstrate the influence of different structural
parameters on the enhancement factor. Fig. 4 gives the enhancement
factor versus d at 460 nm with s = 120 nm and t = 70nm, in which
the scattered points are the simulated values, and the solid line is
exponentially fit. From Fig. 4, it can be seen that the enhancement
factor decreases exponentially with increasing d, and when d is around
45 nm, there is no enhancement effect. This distance dependence
maybe results from the SPs coupling with QWs, as the SPs are
evanescent waves that exponentially decay with distance from the
metal surface. When the distance d is longer than the penetration
depth of the SPs fringing field into the GaN, the enhancement effect
cannot occur. This penetration depth of the SPs fringing field into
the GaN can be calculated by: c/ω

√
(ε′GaN − ε′Ag)/ε′Ag

2, where ε′GaN

and ε′Ag are the real parts of the dielectric coefficients. The calculated
penetration depth is about 40 nm, which is close to our simulated value
45 nm in Fig. 4, in which there is no coupling enhancement effect when
d = 45 nm. Fig. 4 also shows that only when the QWs is located within
the near-field (d < 45 nm) of the SPs, can SPs be coupled to the QWs,
which demonstrates that the emission intensity is strongly dependent

 

Figure 4. Enhancement factor versus the distance between the
QWs and the GaN/Ag interface at 460 nm. The square dots are
the simulated results and the curve is the exponential fitting line.
When d is 45 nm, the enhancement factor is about 2, which means
the enhancement is 100%, i.e., no enhancement effect when the metal
mirror reflection is considered.
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on the distance d.
Figure 5 gives the enhancement factor versus t at different

wavelengths when s = 120 nm and d = 5nm. From Fig. 5, we can
see that t is related to the enhancement factor. When t is very small,
the silver film has no influence on the enhancement factor from 400 nm
to 600 nm. Then the enhancement factor increases with increasing t
at the resonant wavelength range of SPs. We attribute to that if the
thickness of silver film is very thin or thinner than the skin depth, the
back-emission light can penetrate the silver film, and the SPs cannot
be excited. The back-emission light energy cannot be transferred to
SPs, so it does not contribute to the front-emission light, resulting in
the low enhancement factor. With the increase of t, the SPs can be
excited, so more energy can be transferred to SPs and contribute to
the front-emission by the coupling between QWs and SPs. When t is
thicker than skin depth, the enhancement factor gradually approaches
to a fixed value because the large part of energy is captured in the
metal film.

Figure 6 gives the enhancement factor versus s with t = 70 nm
and d = 5 nm for different wavelengths. From Fig. 6, we can see
that the enhancement peaks alter periodically with changing s, and
this periodic variation is insensitive to wavelength. However, different
wavelengths have different periods. This phenomenon is induced by
the constructive and destructive interferences of electromagnetic wave.
For our simulation models, the optical path difference at Air/GaN

Figure 5. Enhancement fac-
tor versus the silver film thick-
ness for 7 cases of wavelength
from 400 nm to 600 nm. The en-
hancement factor near the reso-
nant wavelength of SPs increases
with increasing t.

Figure 6. Enhancement fac-
tor versus the n-GaN thickness
for 3 cases of wavelength from
400 nm to 500 nm. The en-
hancement peaks alter periodi-
cally with changing s.
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Figure 7. (a) Spectra of enhancement factor and metal loss with
optimal parameters (s = 120 nm, d = 5 nm and t = 70nm). (b)
Distribution of electromagnetic field under the same conditions as in
(a) at 400 nm, 450 nm, 460 nm and 500 nm respectively.
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interface is 2sηGaN/ cos θ, and the period is λ cos θ/2ηGaN , here θ is the
incident angle at the interface. It can be calculated that the period is
proportional to wavelength, which is in accordance with our simulation
result in Fig. 6. This interference phenomenon has great impact on
the numerical simulation when a single dipole is used as an excitation
source.

From the above simulation result, the optimal parameters of
the geometries of GaN and silver film for the blue light emission
enhancement should be s = 120 nm, d = 5 nm and t = 70 nm.
Fig. 7(a) gives the diagrams of the enhancement factor and absorption
loss versus wavelength in this case. From Fig. 7(a), we can see that
about 17 times emission enhancement at 460 nm under the optimal
parameters has been obtained, and the enhancement tendency is in
agreement with the experimental result in [1]. It can be also seen
that at 400 nm there is no enhancement effect because the SPs are not
excited. At 450 nm, a trough of the emission curve occurs. The reason
may be that 450 nm is the absorption wavelength of silver, but the
resonance of SPs is not induced, resulting in the large part of energy
absorbed by silver film. Because SPs depend on the absorption loss
of silver film, according to the enhancement factor and loss curves,
it can be concluded that SPs play a key role in the light emission
enhancement. To further understand the contribution of SPs coupling
with QWs to the light emission enhancement, we plot the distributions
of electromagnetic field of Ey and Hx with the optimal parameters on
the y-z cross section, shown in Fig. 7(b). It can be seen that the SPs
field is not observed at 400 nm, very weak at 450 nm, the strongest
at 460 nm, and gradually decreases with increasing wavelength, which
evidently demonstrates that SPs make great contribution to enhance
blue light emission when the silver film is coated on GaN-LED.

4. CONCLUSION

In conclusion, SPs coupling with QWs to enhance the blue light
emission of GaN-LED is numerically simulated. The results
demonstrate that the SPs play a key role in enhancing light emission.
The light emission enhancement is dependent on a series of factors: the
thickness and refractive index of dielectric, the geometry and dispersion
model of silver film, and the positions of the QWs. Under the optimal
parameters, about 17 times enhancement at blue light emission occurs,
and the enhancement tendency is in agreement with the reported
experimental results. Our work is of importance for designing and
improving the GaN-LED.
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11. Blanco, L. A. and F. J. Garćıa de Abajo, “Spontaneous light
emission in complex nanostructures,” Physical Review B, Vol. 69,
No. 20, 205414, 2004.

12. Ryu, H. Y. and J. I. Shim, “Structural parameter dependence of
light extraction efficiency in photonic crystal InGaN vertical light-
emitting diode structures,” IEEE Journal of Quantum Electronics,
Vol. 46, No. 5, 714–720, 2010.

13. Long, D. H., I. K. Hwang, and S. W. Ryu, “Design optimization
of photonic crystal structure for improved light extraction of GaN
LED,” IEEE Journal of Selected Topics in Quantum Electronics,
Vol. 15, No. 4, 1257–1263, 2009.

14. Chen, J.-Y., J.-Y. Yeh, L.-W. Chen, Y.-G. Li, and C.-C. Wang,
“Design and modeling for enhancement of light extraction in
light-emitting diodes with archimedean lattice photonic crystals,”
Progress In Electromagnetics Research B, Vol. 11, 265–279, 2009.

15. Maka, T., D. N. Chigrin, S. G. Romanov, and C. M. S. Torres,
“Three dimensional photonic crystals in the visible regime,”
Progress In Electromagnetics Research, Vol. 41, 307–335, 2003.

16. Lee, C. T., L. Z. Yu, and H. Y. Liu, “Optical performance
improvement mechanism of multimode-emitted white resonant
cavity organic light-emitting diodes,” IEEE Photonics Technology
Letters, Vol. 22, No. 5, 272–274, 2010.

17. Klimov, V. V., “Spontaneous emission of an excited atom placed
near a “left-handed” sphere,” Optics Communications, Vol. 211,
No. 1–6, 183–196, 2002.

18. Eschner, J., C. Raab, F. Schmidt-Kaler, and R. Blatt, “Light
interference from single atoms and their mirror images,” Nature,
Vol. 413, No. 6855, 495–498, 2001.

19. Trieu, S., X. M. Jin, B. Zhang, T. Dai, K. Bao, X. N. Kang, and
G. Y. Zhang, “Light extraction improvement of GaN-based light-
emitting diodes using patterned undoped GaN bottom reflection
gratings,” Proceedings of the SPIE, Vol. 7216, 72162Q-72162Q-8,
2009.

20. Buss, I. J., G. R. Nash, J. G. Rarity, and M. J. Cryan, “Finite-
difference time-domain modeling of periodic and disordered
surface gratings in AlInSb light emitting diodes with metallic



304 Zhao et al.

back-reflectors,” IEEE Journal of Lightwave Technology, Vol. 28,
No. 8, 1190–1200, 2010.

21. Hecker, N. E., R. A. Hopfel, N. Sawaki, T. Maier, and G.
Strasser, “Surface plasmon-enhanced photoluminescence from a
single quantum well,” Applied Physics Letters, Vol. 75, No. 11,
1577–1579, 1999.

22. Gianordoli, S., R. Hainberger, A. Kock, N. Finger, E. Gornik,
C. Hanke, and L. Korte, “Optimization of the emission
characteristics of light emitting diodes by surface plasmons and
surface waveguide modes,” Applied Physics Letters, Vol. 77,
No. 15, 2295–2297, 2000.

23. Vuckovic, J., M. Loncar, and A. Scherer, “Surface plasmon
enhanced light-emitting diode,” IEEE Journal of Quantum
Electronics, Vol. 36, No. 10, 1131–1144, 2000.

24. Kong, F., K. Li, B. I. Wu, H. Huang, H. Chen, and
J. A. Kong, “Propagation properties of the spp modes in nanoscale
narrow metallic gap, channel, and hole geometries,” Progress In
Electromagnetics Research, Vol. 76, 449–466, 2007.

25. Kong, F., K. Li, H. Huang, B. I. Wu, and J. A. Kong, “Analysis
of the surface magnetoplasmon modes in the semiconductor slit
waveguide at terahertz frequencies,” Progress In Electromagnetics
Research, Vol. 82, 257–270, 2008.

26. Yoon, J., S. H. Song, and J. H. Kim, “Extraction efficiency of
highly confined surface plasmon-polaritons to far-field radiation:
An upper limit,” Opt. Express, Vol. 16, No. 2, 1269–1279, 2008.

27. Suyama, T. and Y. Okuno, “Enhancement of TM-TE mode
conversion caused by excitation of surface plasmons on a metal
grating and its application for refractive index measurement,”
Progress In Electromagnetics Research, Vol. 72, 91–103, 2007.

28. Sambles, J. R., G. W. Bradbery, and F. Yang, “Optical excitation
of surface plasmons: An introduction,” Contemporary Physics,
Vol. 32, No. 3, 173–183, 1991.

29. Zayats, A. V., I. I. Smolyaninov, and A. A. Maradudin, “Nano-
optics of surface plasmon polaritons,” Physics Reports, Vol. 408,
No. 3–4, 131–314, 2005.

30. Entezar, R. S., A. Namdar, H. Rahimi, and H. Tajalli, “Localized
waves at the surface of a single-negative periodic multilayer
structure,” Journal of Electromagnetic Waves and Applications,
Vol. 23, No. 2–3, 171–182, 2009.
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